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A union of matter bounce and ekpyrotic scenarios is often studied in an attempt to combine the most
promising features of these two models. Since nonperturbative quantum geometric effects in loop quantum
cosmology (LQC) result in natural bouncing scenarios without any violation of energy conditions or fine
tuning, an investigation of matter-ekpyrotic bounce scenario is interesting to explore in this quantum
gravitational setting. In this work, we explore this unified phenomenological model for a spatially flat
Friedmann-Lemaître-Robertson-Walker (FLRW) universe in LQC filled with dust and a scalar field in an
ekpyrotic scenario like negative potential. Background dynamics and the power spectrum of the comoving
curvature perturbations are numerically analyzed with various initial conditions and a suitable choice of the
initial states. By varying the initial conditions we consider different cases of dust and ekpyrotic field
domination in the contracting phase. We use the dressed metric approach to numerically compute the
primordial power spectrum of the comoving curvature perturbations which turns out to be almost scale
invariant for the modes which exit the horizon in the matter-dominated phase. But, in contrast with a
constant magnitude power spectrum obtained under approximation of a constant ekpyrotic equation of state
using deformed algebra approach in an earlier work, we find that the magnitude of power spectrum changes
during evolution. Our analysis shows that the bouncing regime only leaves imprints on the modes outside
the scale-invariant regime. However, an analysis of the spectral index shows inconsistency with the
observational data, thus making further improvements in such a model necessary.
DOI: 10.1103/PhysRevD.103.066020
I. INTRODUCTION
While the inflationary scenario provides an excellent
description of the early universe including the generation of
the scale invariant spectrum of perturbations, it is past
incomplete because of the big bang singularity. Different
models have been proposed based on bouncing cos-
mologies which attempt to provide a viable nonsingular
description of the very early universe. Due to the duality
relation for the generation of scale invariant spectrum of
perturbations between an inflationary epoch in the expand-
ing branch and the dust (matter) dominated epoch in the
contracting branch [1], the matter bounce scenario has been
advocated as an alternative to inflation where a scale
invariant power spectrum is produced by curvature pertur-
bations that exit the horizon during the matter dominated
contraction phase [2–4]. But, a problematic feature of
the matter bounce scenario is the Belinski-Khalatnikov-
Lifshitz (BKL) instability during the contracting phase [5].
The BKL instability occurs due to growth of anisotropies
during the contracting phase which come to dominate
the dynamics of the universe near the classical singularity
and play an important role in chaotic Mixmaster behavior.
Small departures from perfect isotropy or anisotropic
quantum fluctuations in the contracting phase may lead
to the BKL instability unless the initial conditions are fine-
tuned to avoid such a scenario.
The BKL instability is avoidable if the dynamics near the
classical singularity in the contracting branch is dictated by
a fluid which can overcome the growth of anisotropies.
Recall that the anisotropic shear scales as a−6, where a
denotes the scale factor, and thus it grows faster than the
energy density of all fluids except those with stiff and
ultrastiff equations of state. But even in the case of stiff
matter in presence of anisotropies one requires a consid-
erable amount of fine tuning to obtain a point like or an
isotropic approach to singularity in the classical theory [6]
or even bounce in a quantum gravity framework [7]. Thus,
to obtain an effective isotropization it is important to
include a fluid with equation of state greater than unity
which dictates the dynamics in the contracting branch for a
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naturally in the presence of negative potentials such as in
ekpyrotic scenarios [8,9]. This scenario originally moti-
vated by the interbrane dynamics in a higher dimensional
bulk has a negative exponential potential. As the branes
approach a collision, the behavior of the moduli field in the
negative potential is such that the equation of state can
become much greater than unity. Thus the ekpyrotic field
can dominate over anisotropies at small scale factors in the
contracting phase, and avoid the BKL instability [10] (see
[11] for an alternative way to avoid the BKL instability).1
This interesting result has been replicated in more general
ekpyrotic scenarios which are not necessarily motivated
by bulk-brane settings and have a different form of the
negative potential [13]. But, a problematic feature of the
ekpyrotic scenario is that a universe inhabited by a single
ekpyrotic field alone cannot produce a scale invariant
spectrum [14–17]. Further, the nonsingular transition is
often assumed in this model whose realization along with a
required turn around of the moduli field in the potential to
start a new cycle is difficult even in presence of quantum
gravitational effects [18]. To overcome the issue of big
crunch singularity, “new ekpyrotic scenario” with two
ekpyrotic fields has been proposed which can produce a
scale invariant spectrum [19–22]. However, the new ekpyr-
otic scenario has been shown to suffer from the same
anisotropic instability problem discussed above, along with
a blue spectrum resulting from an adiabatic mode which
spoils scale invariance [23,24].
Given that the matter bounce and ekpyrotic scenarios can
solve different problems in the bouncing cosmologies, their
union has often been considered [25,26]. In the simplest
setting of such a construction, a scale invariant spectrum
can be obtained in the dust dominated epoch while the
ekpyrotic phase alleviates the problem of anisotropies near
the bounce. However, a crucial and nontrivial ingredient in
any such combined setting, or the matter bounce and
ekpyrotic scenarios by themselves is the occurrence of a
nonsingular bounce which allows the scale invariant power
spectrum to pass to the expanding branch without sub-
stantially changing its character. As in ekpyrotic models, a
variety of avenues have been explored for realizing such a
bounce in matter bounce scenarios. These include using
Horava-Lifshitz gravity [3], fðTÞ gravity [4], or models that
rely on violating the null energy condition near the bounce
such as ghost condensate bounce [27], quintom bounce
[28] or Galilean bounce [29]. But, most of these studies so
far exclude the quantum gravity effects which are expected
to play an important role in the resolution of cosmological
singularities. These expectations turn out to be true in the
framework of loop quantum cosmology (LQC) [30], where
a bounce occurs due to nonperturbative quantum gravity
effects [31,32] and a nonsingular evolution is obtained via a
quantum difference equation even in the presence of
nontrivial potentials [33]. Incidentally, LQC allows an
effective spacetime description which has been shown to
be an excellent approximation to the underlying quantum
gravitational dynamics [31,34–37]. Using this effective
dynamics one finds that cosmological singularities are
generically resolved for isotropic and anisotropic space-
times for all perfect fluids without any violation of null
energy condition [38].
It is therefore natural to understand the matter bounce
and ekpyrotic scenarios in the framework of LQC. Using
effective dynamics of LQC, a nonsingular model with an
ekpyrotic potential was obtained [18,39] but it was found
that a viable model where the moduli field turns around in
the negative potential cannot be realized unless another
matter field or anisotropies are present [40]. Investigations
concerning a fluid with a fixed equation of state which is
ultra-stiff have also been made [41]. The matter bounce
scenario was studied in LQC earlier [42] and it was found
that it does produce a scale invariant spectrum of pertur-
bations, however the amplitude of the perturbations turns
out to be proportional to the bounce energy density [42].
This is problematic because the bounce density in LQC is
of the order of Planck density, resulting in the amplitude
becoming too large as compared to observations. The
feasibility of the matter-ekpyrotic scenario in LQC to
produce scale-invariant perturbations was first explored
in [43], where it was shown that the presence of the
ekpyrotic field can solve the problem of having too large an
amplitude as obtained in [42]. But, the analysis of [43]
utilized the deformed algebra approach for the perturba-
tions in the ekpyrotic phase, and hence faced difficulties in
analyzing the ultraviolet modes in the vicinity of the
bounce. Thus one needed to make several assumptions
and approximations in order to arrive at qualitative results
on the power spectrum and stopped short of providing a
detailed numerical analysis due to the above mentioned
difficulties with ultraviolet modes. Such an analysis does
not permit the exploration of the detailed effects of the
bounce in LQC on the power spectrum. We note that an
analysis of the matter-ekpyrotic scenario has been carried
out also in [44], but only for the restricted case where the
ekpyrotic field is modeled by a scalar field having a
constant equation of state. Unfortunately, the latter setting
of constant equation of state does not capture some key
elements of the original ekpyrotic scenario where the
equation of state varies because of the dynamics of the
scalar field.
In the present manuscript, we provide a detailed numeri-
cal study of cosmological perturbations in the matter-
ekpyrotic scenario in LQC with dust and a general
ekpyrotic scalar field as the matter-energy content without
making any assumptions on the equation of state or any
approximations considered above. In contrast with [43]
which was based on deformed algebra approach, we use the
dressed metric approach [45] for numerically analyzing the
propagation of the comoving curvature perturbations1This may not hold in the presence of anistropic pressures [12].
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through the phase of ekpyrotic field domination. This
allows us to overcome the difficulties encountered in
analyzing ultraviolet modes in previous work [43] by
avoiding the Jeans instability arising from the imaginary
sound speed during the superinflationary phase which
occurs in deformed algebra approach. With a full numerical
control to analyze the power spectrum for any range of
modes and to understand the effects of the quantum
bounce, we consider perturbations that initiate in the
matter-dominated phase of the contracting branch and
evolve them numerically through the bouncing regime
and the expanding phase. Further, we also analyze the
effects of the duration of the ekpyrotic phase, i.e., the
regime with equation of state w > 1, on the amplitude, as
well as the scale-invariant regime of the power spectrum.
The analysis is carried out by considering different initial
conditions which change the period of dust versus ekpyr-
otic field domination and help us understand the robustness
of results, as well as to understand the effects of changing
the parameters of the ekpyrotic scalar field potential. From
the numerical simulations of the power spectrum, we also
consider the spectral index and then compare it with the
most recent observational data. Our analysis shows a
matter-dominated phase sourced only by dust can not
ensure a spectral index consistent with the observations.
The plan of the manuscript is as follows. In Sec. II, we
study the general features of the background dynamics of
the matter-ekpyrotic scenario in LQC for different initial
conditions set at the bounce and also comment on the
effects of the changes in the parameters of the ekpyrotic
potential on the phase of ekpyrotic field domination,
especially on the regime with equation of state greater
than unity in the contracting branch. In Sec. III, we consider
quantum vacuum perturbations in the far past in the matter-
dominated era of the contracting branch, and evolve them
numerically to the expanding branch in the dressed metric
approach of LQC. By analyzing the spectrum of perturba-
tions taken at different times in both contracting and
expanding phases, we show the properties of the power
spectrum at different evolutionary stages and the effect of
the bounce on the power spectrum. Moreover, based on the
numerical results of the power spectrum, we also analyze
the spectral index predicted by the model and compare it
with the observational data. Finally we end with concluding
remarks in Sec. IV.
In this manuscript, we use the Planck units with
ℏ ¼ c ¼ G ¼ 1. In the formulas, we keep the Newton’s
constant G explicit, while in the numerical solutions G is
also set to unity.
II. BACKGROUND DYNAMICS OF THE MATTER-
EKPYROTIC BOUNCE SCENARIO IN LQC
For the matter-ekpyrotic scenario to be viable one needs
a way to patch together a contracting and an expanding
universe through a bounce in such a way that the scale
invariant perturbations generated in the contacting phase
can propagate to the expanding branch without losing
their scale invariance property. In LQC, a bounce generi-
cally takes place when the matter energy density reaches
Planck scale due to the underlying quantum geometry
effects [30,31]. Thus it provides a natural setting for
studying the bouncing universe scenario as an alternative
to the inflationary paradigm. In this section, we study
the effective background dynamics of the spatially flat
homogeneous and isotropic loop quantum cosmology with
pressureless dust and a general ekpyrotic scalar field as the
matter content. We consider both dust and the ekpyrotic
field to be minimally coupled to gravity. Using the effective
Hamilton’s equations for the background dynamics, we
numerically solve for the background solutions with the
initial conditions set at the bounce point.
A. The effective dynamics of LQC
in the matter-ekpyotic bounce scenario
LQC is based on the canonical quantization of the
symmetry-reduced cosmological models using techniques
from loop quantum gravity (LQG) [30,46]. In LQC, the
classical Hamiltonian constraint is reformulated in terms of
the Ashtekar-Barbero connection and its conjugate triad,
which in a spatially flat FLRW universe are symmetry
reduced to a canonical pair, namely c and p. The triad p is
related to the scale factor of the universe as jpj ¼ a2, and
the connection c is proportional to the time derivative of the
scale factor in the classical theory. This reformulated
Hamiltonian description of classical spacetimes is then
quantized in the so-called μ̄ scheme, yielding a nonsingular
quantum difference equation with equal steps in volume
[31]. In many practical applications of LQC to investigate
the phenomenological implications of quantum gravity
effects on the isotropic and anisotropic spacetimes, as well
as on the linear perturbations around the background
spacetimes, it is always more convenient to make use of
the effective dynamics of LQC [47], which has been shown
to faithfully represent the discrete quantum evolution of
certain sharply peaked states in LQC for both isotropic and
anisotropic spacetimes [34–37]. The effective dynamics is
prescribed by an effective Hamiltonian constraint in a phase
space spanned by both gravitational and matter degrees of
freedom. Due to the homogeneity and the isotropy of a
spatially flat FLRW universe, the gravitational sector
consist of a canonical pair, namely the volume v and its
conjugate momentum b with the latter proportional to the
Hubble rate in the classical limit. These two variables are
related with connection and triad via v ¼ jpj3=2 and b ¼
cjpj−1=2 and they satisfy the fundamental Poisson bracket
fb; vg ¼ 4πGγ, where γ is the Barbero-Immirzi parameter.
The latter’s value is set by black hole thermodynamics and
as in other works in LQC we will take this value to be
γ ≈ 0.2375 for numerical studies. The matter sector is
composed of an ekpyrotic field ϕ and its conjugate
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momentum pϕ with the fundamental Poisson bracket
fϕ; pϕg ¼ 1, as well as a dust field whose energy density
is denoted by ρdust. In the above settings, the effective
Hamiltonian describing the dynamics of loop quantized
spatially flat FLRW model is given by [31]
H ¼ − 3v
8πGγ2λ2
sin2ðλbÞ þHm; ð2:1Þ
here λ ¼ ffiffiffiffiΔp with Δ ¼ 4 ffiffiffi3p πγl2Pl being the minimum area
eigenvalue in LQG.Hm represents the matter Hamiltonian,
which consists of a dust field and an ekpyrotic field and




þ vUðϕÞ þ Edust; ð2:2Þ
where Edust ¼ ρdustv is the dust energy which remains a
constant of motion. As proposed in [25], we take the














with uo, p and β all taking positive values. The ekpyrotic
potential (2.3) is negative definite and approaches zero as











Moreover, the parameter p also determines the width of the
potential which increases with an increasing p. The
potential is asymmetric about the potential minimum,
and the degree of asymmetry depends on the choice of
the parameter β.
From the effective Hamiltonian constraint, it is straight-
forward to derive the Hamilton’s equations of motion,
which read









; _pϕ ¼ vU;ϕ; ð2:7Þ
whereU;ϕ stands for the differentiation of the potential with
respect to the ekpyrotic field and P is the isotropic pressure
P ¼ − ∂Hm∂v . From (2.6), it can be shown that the modified










where ρc ¼ 3=ð8πGγ2λ2Þ ≈ 0.41ρPl is called the critical
energy density in LQC. We note from the above equations
that the Hubble rate is generically bounded. In a contracting
universe, as the energy density increases and reaches a
maximum ρc, the Hubble rate vanishes and reverses sign
and a bounce occurs. This happens regardless of the type of
matter content. The continuity equation for the matter
fields, which also holds for each individual component,
_ρþ 3Hðρþ PÞ ¼ 0; ð2:9Þ










Note the dust field is pressureless and thus makes no
contribution to P.
B. Numerical analysis of the background dynamics
In this subsection, using the effective Hamilton’s equa-
tions, we numerically solve for solutions of the background
dynamics in a spatially flat FLRW universe in LQC. We
find that a nonsingular bounce is obtained for all the
solutions, and for various cases one finds multiple non-
singular bounces in the Planck regime which separate two
macroscopic regimes of a universe. Since our goal is to
understand the way perturbations propagate from a macro-
scopic contracting branch to a macroscopic expanding
branch we consider potential parameters such that there
is only a single bounce in the studied time range. Since dust
is pressureless and the ekpyrotic potential is negative
definite, it follows from (2.10), that the total isotropic
pressure is positive definite. Thus the dynamical variable b
is monotonic as _b is negative definite according to (2.5). In
view of (2.6) for _v, this provides an easy way of calculating
the number of bounces as ðbðtiÞ − bðtfÞÞλ=π, where ti and
tf are the initial and final times for the numerical evolution.
For the time range t ∈ ð−106; 106Þ, we set the parameters
characterizing the ekpyrotic potential as
uo ¼ 0.75; p ¼ 0.10; β ¼ 5.0; ð2:11Þ
this choice results in ϕmin ¼ −0.012 and Umin ¼ −0.96.
The initial conditions for the numerical simulations are
chosen at the bounce, where t ¼ tB ¼ 0. Hereafter, the
index “B” refers to the values of the relevant quantities at
the bounce point. In order to numerically solve the
Hamilton’s equations, one needs to specify the initial
values of vB, bB, ϕB, pϕB and Edust. Since the Hubble rate
vanishes at the bounce, we choose bB ¼ π=2λ which
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corresponds to the branch that has the right classical limit as
the matter density approaches zero. The bounce volume is
set to vB ¼ 1 (in Planck volume) in all cases without any
loss of generality as the effective Hamilton’s equations are
invariant with respect to the rescaling of the volume and
the momentum of the ekpyrotic field. In this way, the
parameter space at the bounce is made of two free
parameters, the ekpyrotic field and the dust energy. With
regard to the former, it is chosen to be initially positioned
near the minimum of the potential well at the bounce,
namely ϕB ¼ 0. For the latter, we consider several different
choices of Edust to investigate its impact on the background
dynamics. Once vB, bB, ϕB, and Edust are specified, the
value of pϕB at the bounce can be obtained from the
vanishing of the Hamiltonian constraint (2.1) while the sign
of pϕB is specified so that the ekpyrotic field is initially
moving away from the bottom of the potential well.
The first example is presented in Figs. 1 and 2 which
correspond to the initial conditions
ϕB ¼ 0; Edust ¼ 2.00 × 10−5; pϕB ¼ 1.50: ð2:12Þ
As a result, at the bounce, the potential energy is UB ¼
−0.75 and the kinetic energy is KB ¼ 1.16 (in Planck
units). As compared with the ekpyrotic field, the energy
density of the dust field is very small at the bounce and the
equation of state at the bounce turns out to be wB ≈ 5.76.
In Fig. 1, the numerical evolution of the volume and the
Hubble rate shows a nonsingular bounce at t ¼ 0. As the
universe evolves smoothly from contraction to expansion,
the ekpyrotic field monotonically moves from the left wing
of the potential to the right wing. Figure 2 shows that the
universe undergoes two distinct phases during contraction,
namely the matter-dominated phase and the scalar field
dominated phase, which are separated by the transition
point at t1 ≈ −1.49 × 103. Before t ¼ t1, the energy density
is dominated by the dust field. Afterwards, the ekpyrotic
field starts to dictate dynamics. We thus identify the scalar
field dominated phase as the period from t ¼ t1 to the
FIG. 1. The numerical evolution of the volume and the ekpyrotic field are plotted for the initial conditions (2.12). The inset plot in the
left (right) panel shows the behavior of the Hubble rate (the velocity of the ekpyrotic field) near the bounce.
FIG. 2. In this figure, the evolution of each matter component and the equation of state are plotted for the initial conditions (2.12). The
energy density of the ekpyrotic field overtakes the dust energy density at t1 ≈ −1.49 × 103 in the contracting phase. In the expanding
phase, the dust field becomes dominant again after the transition point t2 ≈ 3.02 × 103. The right panel shows the behavior of the
equation of state when the ekpyrotic field is dominant and the inset plot depicts the details of the change in the equation of state near the
bounce point.
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bounce point. A similar pattern can be observed in the
expanding phase where the transition point is located at
t2 ≈ 3.02 × 103. Due to the asymmetry of the potential
(β ≠ 1), the evolution of the universe is also asymmetric
with respect to the bounce. Note that the equation of state is
not always greater than unity in the scalar field dominated
phase. It is only in a small regime near the bounce that the
equation of state becomes greater than unity as shown in the
inset plot of Fig. 2. This is mainly because the regime with
w > 1, which as shown in Fig. 2 only lasts for about 1.1
e-foldings, corresponds to the moment when the ekpyrotic
field is traversing the bottom of the potential. Since the
ekpyrotic potential is rather steep and narrow near its
bottom, it takes a very short time for the ekpyrotic field to
move across the bottom of the potential, resulting in a short
period with w > 1. Note in the ekpyrotic scenarios, the
w > 1 regime corresponds to the ekpyrotic phase, which in
the current case can be prolonged a little bit by increasing
the width of the potential, namely increasing the value of p.
For example, for p ¼ 0.14, the regime with w > 1 in the
contracting phase can last for 2.0 e-foldings. In the
expanding phase, as the ekpyrotic field moves away from
the bottom of the potential, the equation of state quickly
drops below unity and decreases monotonically. The
ekpyrotic field remains the main component of the matter
until the transition point t2. Afterwards, the dust field starts
to dominate again.
The second example given in Fig. 3 corresponds to the
initial conditions
ϕB ¼ 0; Edust ¼ 2.00 × 10−7; pϕB ¼ 1.50: ð2:13Þ
In this case, we choose Edust ¼ 2 × 10−7 while keeping all
the other parameters and the initial conditions the same
and the bounce is still dominated by the ekpyrotic field.
Since the volume of the universe and the ekpyrotic field
evolve in qualitatively the same way as in the last case, we
only show the plot for the energy density and the equation
of state in Fig. 3 in this case. When the dust energy
decreases, the duration of the scalar field dominated phase
increases correspondingly as Fig. 3 shows that the tran-
sition time now becomes t1 ≈ −1.49 × 105 in the con-
tracting phase and t2 ≈ 3.02 × 105 in the expanding phase.
In particular, the ekpyrotic phase with w > 1 in the
contracting phase is also increased, which in the current
case lasts 2.6 e-foldings. Similar to the last case, one can
prolong this regime by increasing the value of p. We find
for p ¼ 0.14, the number of e-foldings for the regime with
w > 1 becomes 2.9. Further increase in the value of p
causes multiple bounces in the given time range.
Before the end of this section, we further analyze
the impact of changing the parameter uo in the ekpyrotic
potential (2.3). It is found that while increasing uo
decreases duration of the overall scalar field dominated
phase on one hand, it simultaneously increases the
duration of the ekpyrotic phase as a fraction of the scalar
field dominated phase. Recall that in our terminology,
the latter phase implies the regime where ekpyrotic field
density dominates but the equation of state may not
necessarily be w > 1 (which is a characteristic of a pure
ekpyrotic phase). This is illustrated by the results shown in
Table I, where we have varied uo while keeping all the
other parameters of the potential and Edust the same as in
(2.11) and (2.13). All these cases have only one bounce
in the plotted range t ∈ ð−106; 106Þ. This effect due to
change in uo can be understood as follows. While
increasing uo increases the steepness of the potential
well, it also increases the depth of the potential well.
Consider the case when we double uo. This doubles
the potential energy of the ekpyrotic field at bounce,
FIG. 3. The evolution of the energy density components and the equation of state are shown for the initial conditions (2.13). The
energy density of the ekpyrotic field starts to become dominant after the transition point at t1 ≈ −1.49 × 105. In the expanding phase,
there exists a second transition point at t2 ≈ 3.02 × 105 where the universe enters into a matter-dominated phase again. In the right panel,
the equation of state approaches unity and goes above it for a very brief period just before the bounce, and then quickly declines below
unity after the bounce. The inset figure in right plot shows the behavior of equation of state near the bounce.
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compared to what it was before. Since the potential is
negative definite, it can be seen from the expression for
energy density (2.10) that doubling uo while keeping Edust
fixed at fixed bounce volume has the effect of increasing
the kinetic energy at the bounce (in order to ensure that the
total energy density at bounce still adds up to ρc—the
critical density at bounce in LQC). Note that the ekpyrotic
energy density at bounce is still the same as before since
ρc and ρdust at bounce are unchanged. From the Eq. (2.10),
we see that pressure also increases compared to before.
Thus, while the ekpyrotic energy density at bounce is the
same as before, the kinetic energy and pressure at bounce
have substantially increased (substantially increasing the
equation of state at the bounce as well). This means that
the field climbs up the well faster, but due to a deeper well,
the equation of state w is larger than 1 for most of this
climb. Contrast this with the effect of increasing p while
keeping everything else fixed—it only decreases the
steepness of the well while the depth of the well is
unchanged—thus
the kinetic energy, potential energy, pressure and energy
density of the ekpyrotic field at the bounce are all
unaffected, except that the well is now less steep.
Another effect of increasing uo is that it lowers the
threshold for p to get more bounces in a given time range.
In summary, from the numerical analysis of the back-
ground dynamics, we observe a brief period right before the
bounce in the contracting phase in which the equation of
state becomes greater than unity (namely, the ekpyrotic
phase). Decreasing the dust energy density, or increasing
the width of the ekpyrotic potential (by increasing p), or
increasing uo can help increase the duration of such a
period. As discussed above, the effects of these changes
also differ qualitatively from one another in other details.
However, the number of the bounces in a certain given time
range is also sensitive to the shape of the potential. We find
an appropriate region in the parameter space of the
ekpyrotic potential as given in (2.11), where the duration
of the ekpyrotic phase (the regime with w > 1) and the
scalar field dominated phase can be varied while main-
taining a single bounce in the given range t ∈ ð−106; 106Þ.
III. SCALAR POWER SPECTRUM IN THE
MATTER-EKPYROTIC BOUNCE SCENARIO
WITH THE DRESSED METRIC APPROACH
In this section, we discuss the scalar power spectrum
from the matter-ekpyrotic bounce scenario in the frame-
work of LQC. From the numerical analysis of the back-
ground dynamics in the last section, we know there are two
distinct phases in the contracting branch before the universe
reaches the bounce point, namely, the matter-dominated
phase dominated by dust and the scalar field dominated
phase dominated by the ekpyrotic field. In the former, the
total energy density is far below the Planck density so
that the background dynamics is essentially governed
by the classical Friedmann equation, while in the latter,
the modifications to Friedmann dynamics obtained from
the effective spacetime regime become important since the
scalar field dominated phase overlaps with the bouncing
regime where the energy density becomes Planckian.
When it comes to the quantum perturbations around the
background spacetime, a rigorous treatment of the linear
perturbations should consider the perturbations of the dust
field and the ekpyrotic field and then construct the gauge-
invariant perturbations which corresponds to the comoving
curvature perturbation and the entropy perturbation. In the
following, we only focus on the comoving curvature
perturbation Rk which is related to the Mukhanov-
Sasaki variable νk via νk ¼ zRk with z ¼ a _ϕ=H.
A. The matter-dominated phase
in the contracting phase
We start with the matter-dominated phase where the dust
field is dominant over the ekpyrotic field. In this phase, one
can find the approximate analytical solutions of the back-
ground dynamics by ignoring the contributions from the
ekpyrotic field. Note that the total energy density is far
below the Planck density in the matter-dominated phase,





Substituting ρ ¼ Edust=v into the above equation, one can in
a straightforward way solve for the scale factor, which turns
out to be




ðt − tiÞÞ2=3; ð3:2Þ
here ti is the initial time when the dust field is dominant and
ai is the value of the scale factor at t ¼ ti. As the quantum
gravity effects are negligible in this phase, the perturbation
equation in terms of the Mukhanov-Sasaki variable also
takes its classical form
TABLE I. In the table, we list the transition time t1 between the
matter-dominated phase and the scalar field dominated phase in
the contracting branch and the duration of the regime with w > 1
for several different choices of u0 when all the other parameters of
the potential and Edust are chosen the same as in (2.11) and (2.13).
Time is measured in Planck seconds.
uo t1 (contracting branch)
Duration of w > 1 regime
(contracting branch)
1 −8.70 × 104 100
0.75 −1.50 × 105 65
0.03 −3.00 × 105 11
0.008 −3.04 × 105 6.5








νk ¼ 0; ð3:3Þ
where the prime represents the differentiation with respect
to the conformal time. Using the relation dη ¼ dt=a, one












with ηi denoting the conformal time corresponding to
t ¼ ti. Noticing z00=z ¼ a00=a in the dust dominated phase,








νk ¼ 0; ð3:5Þ
where




p a1=2i : ð3:6Þ
Note that the above perturbation equation in the matter-
dominated phase takes the same form as the one in the
inflationary de Sitter phase which is the basis of the duality
between a matter-dominated contracting phase and an
inflationary spacetime as discussed in [1]. The general





















where two integration constants αk and βk can be uniquely
fixed via the Wronskian condition [48]
νkðνkÞ0 − ðνkÞν0k ¼ i; ð3:8Þ








In this way, we choose the positive frequency states αk ¼ 1
and βk ¼ 0 for all the comoving wave numbers whose
asymptotic states at η → −∞ are the Bunch-Davies (BD)
vacuum. It should be noted that the solution (3.7) only
holds with good approximation in the regime where the
equation of state w ≈ 0. As the universe evolves toward the
bounce point in the contracting phase, the ekpyrotic field
would become dominant and the total energy density
increases toward the Planck scale. Therefore, in the scalar
field dominated phase, the perturbation equation (3.5) is
neither valid nor is the solution given in (3.7). One is thus
forced to consider the perturbation theory in a quantum
spacetime where quantum gravity effects become impor-
tant. Among all the approaches to the perturbation theory in
LQC, we appeal to the dressed metric approach [45,49] for
studying the propagation of the quantum perturbations
across the bounce in order to avoid the Jeans instability
encountered in the deformed algebra approach [50]. In
the effective description of the quantum dynamics in the
dressed metric approach, the evolution equation of the
Mukhanov-Sasaki variable has the same form as their
classical counterpart with the evolution of the background
variables obeying the modified Friedmann equation instead
of the classical Friedmann equation. Hence, the validity
of the dressed metric essentially relies on the validity of
the effective spacetime description of the background
dynamics and the test field approximation. The effective
spacetime description has been shown to be an excellent
approximation for a wide variety of states for isotropic and
anisotropic spacetimes capturing the underlying quantum
dynamics even in the Planck regime up to high accuracy
[34–36]. The validity of the test field approximation relies
on whether the backreaction effects are small. It has been
claimed, for the inflationary spacetimes, that one can
choose adiabatic initial states for which the backreaction
effects can be neglected [51]. Since our analysis, as in
various works on cosmological perturbations in LQC is
based on the effective dynamics, we assume that the
backreactions are small as is generally assumed in other
works. As a result, the dressed metric approach is well
suited for the purpose of the investigations on how the
comoving curvature perturbations propagate through the
scalar field dominated phase near the bounce.
B. The scalar field dominated phase
near the bounce
In the dressed metric approach, the quantum perturba-
tions are described as propagating on a quantum spacetime
which can be well approximated by a differential manifold
with a dressed metric for the sharply-peaked semi-classical
states. The evolution equation of the Mukhanov-Sasaki
variable takes the form [49]
ν00k þ





νk ¼ 0; ð3:10Þ
whereΩ2 only depends on the background quantities and is
explicitly given by










U;ϕ þ a2U;ϕϕ; ð3:11Þ
here κ ¼ 8πG and πa is the conjugate momentum of the
scale factor. In the effective description of the dressed
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metric approach, the relevant background quantities in the
above equation are determined from the solutions of the
modified Friedmann equation (2.8). Meanwhile, based on
the exact form of the zeroth-order constraint, different
forms of Ω2 can be reached. If one uses the classical
Friedmann constraint and expresses the πa in terms of the
remaining variables, we can end up with
Ω2 ¼ a2ðU;ϕϕ þ 2 cos ðλbÞfU;ϕ þ f2UÞ; ð3:12Þ
with f ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi24πG=ρp _ϕ. Moreover, cos ðλbÞ in the second
term of the parenthesis comes from the requirement to
smooth Ω2 across the bounce point. On the other hand,
since the background dynamics obeys the modified
Friedmann equation in the effective approach, it is
natural to use the effective Hamiltonian constraint to make
replacement of πa in the expression of Ω2 given in (3.11).










3a2 sin ðλbÞ ; ð3:14Þ
in (3.11) and the resulting Ω2 is denoted by Ω2eff. The
evolution equation (3.10) reduces to (3.5) in the matter-
dominated phase for a massless scalar field when the matter
density and the curvature is far below the Planck scale. In
terms of the mode function νk, the power spectrum of the







with z ¼ a _ϕ=H. In the matter-dominated phase, the
superhorizon modes behave as νk ∝ 1=k3=2 which implies
these modes are already scale invariant once they exit the
horizon. As a result, the scalar field dominated phase,
including the ekpyrotic phase, plays an important role in
determining if the scale invariance of the power spectrum
would be preserved throughout the bouncing regime where
quantum gravity effects come into play. We analyze this
important aspect in the next section with detailed numerical
results of the power spectrum.
C. Numerical results of the scalar power spectrum
In this subsection, we present the numerical results of the
scalar power spectrum for two separate cases of back-
ground dynamics studied in Sec. II. These two cases differ
by the dust energy density at the bounce and the duration
of the ekpyrotic phase. In the following, we focus on the
impact of the ekpyrotic field and the bouncing phase on
the evolution of the comoving curvature perturbations until
the transition point in the expanding phase.
The first case is presented in Figs. 4–5where the initial
conditions for the background dynamics are chosen to be
the same as in (2.12) and the initial states for the scalar
perturbations are set to (3.7) with αk ¼ 1 and βk ¼ 0. In
Fig. 4, the main plot in the left panel presents the scalar
power spectrum evaluated at the transition point t ≈
−1.49 × 103 in the contracting phase, which shows that
the scale invariant regime of the power spectrum is already
generated at the end of the matter-dominated phase. In
order to check if this regime is preserved in the contracting
phase, we also plot the power spectrum at a different time
before the bounce, which is chosen to be t ¼ −10 (one can
also choose any moment that is close to the bounce point).
The resulting power spectrum is shown in the inset plot
of the left panel. It turns out that the magnitude of the
power spectrum changes over time, which is in contrast
with the constant power spectrum predicted by the ana-
lytical approximations for constant ekpyrotic equation of
state in the earlier work [43]. As shown in Figs. 2 and 3
from Sec. II, the equation of state does not stay constant and
varies during the entire evolution including during the
FIG. 4. With the initial conditions chosen as in (2.12), the power spectra at different times are depicted: in the left panel, the power
spectra are evaluated at the transition time in the contracting phase (t ≈ −1.49 × 103) and t ¼ −10 (in the inset plot) while in the right
panel, the power spectra are evaluated at the transition time in the expanding phase (t ≈ 3.02 × 103) and t ¼ 10 (in the inset plot).
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scalar field dominated phase and the w > 1 regime. Thus
we find that the amplitude of the power spectrum is time-
dependent. Moreover, the scale invariant regime lies in
the same range of the comoving wavenumbers, namely
k≲ 10−3, in the main plot and the inset plot. Similarly, we
also present the scalar power spectrum at the transition
point t ≈ 3.02 × 103 in the expanding phase in the main
plot of the right panel, which shows the same scale-
invariant regime as in the contracting phase but with a
different magnitude. In addition, there is an oscillatory
regime starting from k ≥ 10−2 which is reminiscent of the
oscillatory regime of the power spectrum produced in
the inflationary scenario [49]. In order to show how this
oscillatory regime appears at different times in the expand-
ing phase, we plot the power spectrum at t ¼ 10 (again one
can choose any other time after the bounce) in the inset plot
of the right panel which shows an oscillatory regime for a
different range of the comoving wave number. Apparently,
the power spectrum near k ¼ 0.1 already becomes oscil-
latory in the main plot while it is still monotonic in the inset
plot. This implies different modes become oscillatory at
different times in the expanding branch as they enter
Hubble horizon at different times. Finally, we find the
magnitude of the scale-invariant regime changes more
rapidly near the bounce as can be seen by comparing
the inset plots and the main plots in the figure.
To explicitly show the evolution of different modes after
the bounce, we study two distinct modes, namely k ¼ 10−5
and k ¼ 0.1 in Fig. 5. The first mode (k ¼ 10−5) lies in the
scale-invariant regime and decreases monotonically from
the bounce point to the transition point. On the other
hand, the second mode (k ¼ 0.1) becomes oscillatory after
t ≈ 100 with a decreasing averaged magnitude. Based on
the above analysis, we conclude that the scale invariance of
the power spectrum which lies in the regime k≲ 10−3 is
preserved once it is generated at the end of the matter-
dominated phase. Unlike the constant amplitude of the
power spectrum in the scale-invariant regime generated
during the inflationary phase, the magnitude of the power
spectrum in the scale-invariant regime changes over time in
the matter-ekpyrotic bounce scenario. Again, we want to
emphasize that our numerical results show that the ampli-
tude of the power spectrum of the scale invariant regime
is varying with time, which is in contrast with the analytical
approximations in the earlier work where a constant
equation of state was assumed for the ekpyrotic phase
[43]. Further, while the bouncing regime does not change
the character of the scale-invariant regime, it does have an
impact on the power spectrum by producing an oscillatory
regime which does not overlap with the scale-invariant
regime of power spectrum.
The next example is presented in Figs. 6–7 where the
initial conditions of the background dynamics are set to
(2.13). Figure 6 is plotted to compare with Fig. 4 while
Fig. 7 is analogous to Fig. 5. With a decrease in dust energy
density, the duration of the scalar field dominated phase, as
well as the ekpyrotic phase, becomes longer. As a result,
although the qualitative behavior of the power spectrum in
each subfigure and the inset plot resembles those plotted in
Figs. 4–5, we find a smaller amplitude of the scale invariant
regime of the power spectrum as compared with the last
case. Moreover, the scale-invariant regime is now located at
k≲ 10−4 whereas the oscillatory regime shown in the main
plot of the right panel of Fig. 6 is extended to k≳ 10−3.
This is because the scale invariance is exhibited by
only those modes which exit the horizon during matter
dominated contraction. As the duration of the scalar field
dominated phase is increased, the modes around k ≈ 10−3
now exit during the scalar field dominated phase and do not
show scale invariance. This may be used to put yet another
constraint on the duration of the ekpyrotic phase using
observations. Similar to the previous case, different modes
in the oscillatory regime start to oscillate at different times
in the expanding phase, which can be seen from a different
behavior of the modes near k ¼ 0.001 in the main plot and
the inset plot in the right panel of Fig. 6. Meanwhile, the
FIG. 5. With the same initial conditions as in Fig. 4, the power spectra for two different modes are shown in the expanding phase until
the transition time when the energy densities of the dust field and the ekpyrotic field become equal. The mode in the left panel is located
in the scale invariant regime while the qualitative behavior of the mode in the right panel is affected by the bouncing regime.
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evolution of two representative modes k ¼ 10−5 and
k ¼ 0.1 depicted in Fig. 7 have similar qualitative behavior
as in the previous case with the former decreasing mono-
tonically in the expanding phase and the latter becoming
oscillatory after t ≈ 100.
Finally, we discuss the spectral index ns in the matter-
ekpyrotic bounce scenario. In the current setting, the matter
dominated phase is generated by an overwhelming dust
field. We compute the spectral index in the expanding
phase using our numerical results of the scalar power






The recent CMB observation shows that ns ¼ 0.9649
0.0042 (68% CL) [52]. However, numerical results of the
spectral index in the matter-ekpyrotic bounce scenario
studied in this paper turn out to be unfavored by the
current observations. The details are depicted in Fig. 8
where the initial conditions are set to the same as in (2.12),
in particular, Edust ¼ 2.00 × 10−5. In the left panel of the
figure, we show the plot for p ¼ 0.1 in the regime
k ∈ ð10−5; 2 × 10−4Þ, where the spectral index larger than
unity is observed for the modes therein. We find that this
situation can not be improved by changing the parameters
that characterize the ekpyrotic potential. For example,
in the right panel of the figure, we use a smaller p which
results in a narrower potential well. The corresponding
spectral index changes rapidly in the regime k≳ 5 × 10−5
and remain almost constant ð≈1Þ in the regime k≲ 5×
10−5. This is still inconsistent with the observations which
require a constant value of ns at approximately 0.9649. In
addition, we find that changing the dust energy density or
the depth of the potential well does not produce a better
prediction on the spectral index as well. Numerical analysis
on ns with the initial conditions in (2.13) gives similar
results as depicted in Fig. 8. One of the ways to address this
issue is to have a quasimatter dominated contracting phase
(instead of an exact dust-dominated phase) with a slightly
negative equation of state to produce a red tilt in the
FIG. 7. With the same initial conditions as in Fig. 6, the evolution of the power spectra for two different modes are depicted in the
expanding phase when the energy density of the ekpyrotic field is larger than the energy density of the dust field. These two modes
exhibit different behavior during evolution as they are located in two separate regimes of the scalar power spectrum.
FIG. 6. As compared with Fig. 4, we change the dust energy to Edust ¼ 2.00 × 10−7 and evaluate the power spectra at the transition
time in the contracting phase ðt ≈ −1.49 × 105Þ and the expanding phase ðt ≈ 3.02 × 105Þ, as well as the times near the bounce which
are chosen to be t ¼ −10 (the inset plot in the left panel) and t ¼ 10 (the inset plot in the right panel).
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spectrum. Various ways of achieving this have been
proposed, such as considering a ΛCDM bounce scenario
[53], or considering a specifically fine-tuned scalar field
having a slightly negative equation of state [26,42], or
considering dark matter and dark energy as the matter
content [54,55].
IV. CONCLUSION
In this paper, we have studied the background evolution
of a spatially flat FLRW universe in the matter-ekpyrotic
bounce scenario in the framework of LQC, obtained the
numerical results of the primordial scalar power spectrum
and discussed the spectral index predicted by the theory.
The background evolution of the universe in this scenario is
characterized by two distinct stages in the contracting
phase: the matter-dominated phase and the scalar field
dominated phase. The former is dominated by the dust field
and thus endowed with a non-negative equation of state,
while the latter is dominated by a scalar field with a
negative potential. In the scalar field dominated phase,
there also exists the ekpyrotic phase with an ultrastiff
equation of state which is necessary in general to avoid the
BKL instability. The matter-dominated phase and the scalar
field dominated phase intersect at the transition point where
the energy densities of the dust field and the ekpyrotic field
become equal to each other. We have used these transition
points to compute the power spectra in contracting and
expanding branches.
For the numerical analysis of the background dynamics,
the initial conditions are imposed at the bounce where the
parameter space is composed of the initial value of the
ekpyrotic field and the dust energy density. With the fixed
parameters for the ekpyrotic potential and the same initial
value of the ekpyrotic field, we have varied initial dust
energy density, while keeping the ekpyrotic field as the
dominant component at the bounce, to investigate its effects
on the duration of the scalar field dominated phase and the
ekpyrotic phase ðw > 1Þ. A decrease in the fraction of the
dust energy density at the bounce point can lead to a longer
duration of the scalar field dominated phase. In particular,
as the dust energy density at the bounce decreases, the
number of e-foldings for the regime with w > 1 increases.
Besides, we find the width and the depth of the ekpyrotic
potential can also impact the duration of the regime with
w > 1 and the scalar field dominated phase. In particular,
increasing the width of the potential can prolong the
duration of the w > 1 regime as well as the scalar field
dominated phase. On the other hand, increasing the depth
of the potential reduces the scalar field dominated phase
due to increased kinetic energy at the bottom of the well,
while increasing the w > 1 regime due to a deeper well. In
addition, the regime with w > 1 before the bounce point
only lasts a few number of e-foldings as the bounce is
initially located near the bottom of the ekpyrotic potential
and dominated by the kinetic energy of the ekpyrotic field.
After studying background dynamics, we have applied
the dressed metric approach in LQC to numerically analyze
the propagation of the comoving curvature perturbations
from the matter dominated contracting phase to the
transition point in the expanding phase. By comparing
the power spectrum at different times during its evolution,
we found that the scale invariant regime of the power
spectrum is already generated by the end of the matter
dominated phase in the contracting phase. This regime lies
in the range where the comoving wave numbers are much
less than unity. It turns out that in the matter-ekpyrotic
bounce scenario, the magnitude of the power spectrum in
the scale invariant regime changes over time when the
relevant modes propagate from the matter-dominated
phase, across the bounce and then reach the transition
point in the expanding regime. The varying magnitude of
the power spectrum from our numerical analysis is in
contrast with the constant power spectrum obtained from
the analytical approximations under the assumption of a
constant ekpyrotic equation of state [43]. It is also different
FIG. 8. For the power spectrum displayed in Fig. 4, we evaluate the scalar index ns at the transition point t ≈ 3.02 × 103 in the left
panel and find ns is larger than unity in the scale invariant regime of the power spectrum. In the right panel, we only decrease the width of
the potential while keeping other parameters unchanged. For the same initial values of the dust energy and the ekpyrotic field, we find
that ns now becomes less than unity in the same regime of the comoving wave numbers depicted in the left panel.
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from the power spectrum in the inflationary scenario where
magnitude is frozen after the relevant modes exit the
Hubble horizon in the inflationary phase. Since the char-
acteristic comoving wave number in the dressed metric
approach of LQC is of the order of unity with bounce
volume taken to unity, the bouncing regime, including the
ekpyrotic phase, does not affect the qualitative behavior of
the scale invariant regime. The bounce only impacts modes
with the comoving wave numbers around unity. The
magnitude of these affected modes monotonically increase
with the comoving wave number before the bounce and
then become oscillatory after the bounce. Finally, the
duration of the ekpyrotic phase not only directly influences
the magnitude of the scale invariant power spectrum
observed at the transition point in the expanding phase
but also changes the range of the comoving wavenumbers
in the scale invariant regime of the power spectrum.
From the numerical results of the scalar power spectrum,
we have also computed their corresponding spectral index.
Our results show the inconsistency between the theoretical
value of the spectral index in the current matter-ekpyrotic
bounce scenario and its experimental data. This incon-
sistency is due to the fact that the matter-dominated phase
is sourced by the dust field which leads to an almost
vanishing equation of state. Therefore, the resulting spec-
tral index in the scale invariant regime is very close to
unity, which is excluded by the CMB observations. We
have also found that changing the width and the depth of
the ekpyrotic potential or the dust energy density does not
help improve the spectral index in the current scenario
where the matter dominated phase is sourced by dust and
the ekpyrotic field in the potential given by (2.3). It is
important to note that the inconsistency of the spectral
index in this setting is not tied to use of the dressed metric
approach for evolving the perturbations across the bounce.
The robustness of our results can be tested using an
alternative approach to perturbations, called the hybrid
approach. Our preliminary investigations show that as in
the case of the inflationary potentials [49], though there are
some differences in the intermediate regime of the power
spectrum, but more importantly our conclusions about the
spectral index remain unchanged.
Based on our studies, we think further exploration is
required to establish a lower bound on the minimum number
of e-foldings required to keep anisotropies from growing and
preventing a BKL type instability in the context of LQC,
which we aim to investigate in a future work using aniso-
tropic spactimes. Though this has been explored in case of a
Galilean bounce [13], the results of such a study in LQC are
expected to be different, given that in LQC anisotropic shear
is bounded by quantum geometry [56]. Further issues for
exploration include the tensor-to-scalar ratio, constraints on
non-Gaussianities, and a graceful exit strategy for the matter
bounce scenario to the reheating phase, leading to our current
observational universe. Several proposals exist for addressing
each one of these issues for the matter bounce scenario, but it
is nontrivial to satisfy the observational constraints on all
these aspects at the same time for a given model especially
with inclusion of an ekpyrotic phase. Itwill be also interesting
to explore the consequences for the matter bounce family of
models incorporatingmore loop quantumgravity effects such
as gauge-covariant fluxes recently studied in [57] which can
bring nontrivial changes to dynamics and resulting predic-
tions. Finally, a limitation of the current analysis is to rely on
single fluid treatment in perturbations and it will be important
to generalize to the setting of two-fluid model for perturba-
tions in LQC effective dynamics.
In summary, we have numerically analyzed a specific
realization of the matter-ekpyrotic bounce scenario by
considering dust and an ekpyrotic field in a negative
potential as the matter content in the effective dynamics
of LQC. Our numerical results show that the existence of
the ekpyrotic phase and, namely a regime with w > 1 right
before the bounce is robust with respect to the variations
of the parameters in the ekpyrotic potential and the initial
conditions. This is also the first time that the dressed metric
approach is applied to compute the power spectrum in the
matter bounce scenario in LQC. From this approach, we
find a scale-invariant regime and an oscillatory regime in
the power spectrum, as in other loop cosmologies [58].
Although further studies on the spectral index reveal
inconsistency between its predicted value and the obser-
vational data which could potentially be alleviated by
considering a quasimatter dominated contracting phase
with a slightly negative equation of state.
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